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Shape memory metamaterials with tunable thermo-mechanical response via
hetero-epitaxial integration: A molecular dynamics study
Karthik Guda Vishnua) and Alejandro Strachanb)
School of Materials Engineering and Birck Nanotechnology Center, Purdue University, West Lafayette,
Indiana 47907, USA
(Received 6 January 2013; accepted 25 February 2013; published online 8 March 2013)
We show that nanoscale epitaxial superlattices (SLs) can be used to engineer the energy landscape
that governs the martensitic transformation in shape memory alloys and tune their thermo-
mechanical response. We demonstrate the approach using large-scale molecular dynamics
simulations of a SL material consisting of alternate layers of a shape memory Ni-rich NiAl alloy
and NiAl B2 alloy. The non-martensitic NiAl alloy was chosen to reduce the energy barrier that
separates the martensite and austenite phases of the SL and its incorporation leads to a reduction in
the thermal hysteresis of the transition. This is a desirable feature in applications involving
actuation and our approach represents a generally applicable and powerful avenue to engineer
desired behavior in mechanically active materials.VC 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4794819]
I. INTRODUCTION
Strain engineering of thin films by epitaxial integration
on appropriately chosen substrates is a powerful avenue to
manipulate their response and engineer properties or per-
formance not achievable in the bulk. Striking examples
include Si-Ge heterostructures with enhanced carrier mobil-
ity,1 multiferroics with enhanced polarization,2–4 BiFeO3
where piezoelectricity is introduced by creating a morpho-
tropic phase boundary,5 and achieving room temperature
ferroelectricity in SrTiO3 thin films
6 an otherwise non-
ferroelectric perovskite. In all these examples the substrate is
chosen to impose the desired strain to the epitaxial film but
is otherwise inactive. In this paper, we investigate epitaxial
superlattice (eSL) shape memory alloys (SMAs) where both
components actively participate in the thermo-mechanical
response of the metamaterial and are chosen to engineer
desired properties.
Shape memory alloys derive the unique ability to
recover their original shape after inelastic deformation upon
heating as well as super-elasticity from a solid-solid, diffu-
sionless phase transformation called martensitic. In this
phase transition, a high-symmetry phase (austenite) trans-
forms to a lower-symmetry phase (martensite) upon cooling
or by the application of stress. The performance of SMAs
depends on the transition temperature and stress, the hystere-
sis in the transformation on the complex microstructures that
develop during the transformation and the deformation
mechanisms of the martensite. These properties depend on
chemistry,7,8 processing,9 and even specimen size10 and sig-
nificant effort has been devoted to the characterization and
optimization of these variables. We propose a different
approach: the use of eSL of appropriately chosen materials
to modify the energy landscape that governs the martensitic
transformation to engineer desired properties. As an example
of the approach, we set out to minimize the thermal hystere-
sis of the transition that causes fatigue failure during cyclic
thermal or mechanical loading and limits the use of these
materials as mechanical actuators.7,8 Using molecular dy-
namics (MD) simulations, we show that by epitaxially inte-
grating appropriately chosen materials a significant
reduction in hysteresis is possible with minimal degradation
in the actuation strain of the system. We focus on ideal struc-
tures with perfectly coherent and sharp interfaces to establish
the performance limits of the approach.
The remainder of the paper is organized as follows.
Section II describes the NiAl alloys of choice and simulation
details. Section III shows the process to select the two com-
positions to be integrated and MD simulations to test the per-
formance of the eSL systems relative to the bulk alloys.
Section IV discusses our results and possible future work
and conclusions are drawn in Sec. V.
II. MATERIAL OF CHOICE AND COMPUTATIONAL
DETAILS
A. NiAl alloys and martensite transformation
Disordered NixAl1x alloys are known to undergo mar-
tensite phase transformation upon rapid cooling or quenching
and exhibit shape memory behavior for x between 0.61 and
0.65.11–13 The high-temperature high-symmetry austenite
phase is based on the B2 crystal structure with the extra Ni
atoms at random lattice positions and the low-temperature
martensite has a tetragonal, L10 crystal structure obtained by
elongating the a and b lattice parameters by 4.7% and con-
tracting c by approximately 8.4% for Ni0.63Al0.37. These
alloys are attractive to explore eSL since small changes in
composition lead to a variety of behaviors. The family of
alloys includes SMAs with varying martensite transition
temperatures up to the B2 Ni0.5Al0.5 system that does not ex-
hibit a phase transition.
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B. Simulation details
We explore NiAl-based eSL SMAs using large-scale
MD simulations using the LAMMPS parallel simulator,14,15
with an embedded atom model developed by Farkas et al.16
We use a 1fs time-step to integrate the equations of motion
with a velocity Verlet algorithm; thermostat and the baro-
stat17,18 relaxation constants are set at 0.01 ps and 0.1 ps,
respectively. As will be seen in the following subsection, the
interatomic potential used accurately captures the martensite
phase transformation in disordered NiAl alloys, its depend-
ence on chemical composition and the cohesive energy, lat-
tice parameter and elastic constants of B2 Ni0.5Al0.5.
C. Model validation: phase transformation
temperatures
Given that we will use NiAl alloys of different composi-
tions to create the eSL materials an accurate description of
the role of composition on martensite transformation is im-
portant. Phase transformation temperatures for eSL materials
and for single-phase alloys are obtained from heating and
cooling simulations. We gradually cool the systems from
T¼ 800K to T¼ 25K in steps of 25K every 250 ps using
constant stress and temperature (NPT) simulations followed
by heating using the same rate and approach. The cooling/
heating rate of 1011K/s is large compared to experiments but
typical of MD simulations.19,20
Figure 1 shows the heating and cooling curves for three
different Ni rich NixAl1x alloys (x¼ 0.61, 0.63, and 0.65).
The initial structure for these simulations is in the cubic
phase and contains 1.024 million atoms in a simulation cell
of size 22.4 nm 22.4 nm 22.4 nm (80 80 80 unit cells
oriented along [100], [010], and [001]). The selected cross-
sectional area is large enough to yield converged transition
temperatures and hysteresis with respect to size.
Figure 1 shows that upon cooling the structures transform
to the tetragonal phase rapidly below a critical temperature
(Ms), one of the {001} directions contracts and the other two
{001} directions expand. We compare the calculated Ms tem-
perature as a function of Ni content from our large-scale MD
simulations with those values obtained from experimental
measurements on single crystals21 and cast samples22 for vali-
dation, see Fig. 2. The simulations accurately capture the trend
of increasing Ms temperature with increasing Ni content and
the absence of martensite transformation in alloys containing
less than 61 at. % Ni which is consistent with experimental
observation.11–13 The transition temperatures obtained from
the MD simulations are slightly lower than the available ex-
perimental data; fast cooling rates and defect-free samples
would tend to lower the transition temperature and likely con-
tribute to the discrepancy. As expected, the MD simulations
predict a large hysteresis for the defect free Ni0.63Al0.37
alloy:23 the austenite finish (Af) temperature is 1150K and the
martensite start (Ms) one is 125K.
D. Free energy landscapes
To understand the expected performance of the eSL and
find optimal material combinations we compute the free
energy landscape that governs the martensite-austenite phase
transformation. To compute these landscapes we strain
single-phase alloys from the austenite to the martensite
phases via MD simulations where we quasi-statically strain
along the x and y directions and let the cell parameter along
z to adjust to 1 atm pressure with a barostat; a thermostat is
used to maintain constant temperature. The simulations con-
sist of 80 80 40 unit cells (22.4 nm 22.4 nm 11.2 nm
and 5 12 000 atoms) are large enough to yield converged
results. We start with the austenite structure (with lattice pa-
rameter 2.8 A˚) and continuously strain both the x and y
directions to cover the entire transition to martensite; the
total simulation time is 1.2 ns for which we observe no rate
dependence. Changes in free energy during bi-axial deforma-
tion are obtained by numerically integrating stress and strain
over the entire isothermal deformation path. The change in
free energy can be obtained from the differential
dF ¼ SdT þ Vðr11de11 þ r22de22 þ r33de33 þ s12dc12
þ s13dc13 þ s23dc23Þ; (1)
FIG. 1. Lattice parameters vs. temperature during heating and cooling
curves of NixAl1x random disordered alloys with x equal to 0.61, 0.63, and
0.65.
FIG. 2. Martensite transition temperature vs. %Ni (x) in Ni-rich NixAl1x
alloys from molecular dynamics simulations against available experimental
data.21,22
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and for isothermal processes only the external work contrib-
utes to the change in free energy and for eSL under isother-
mal conditions in this study, Eq. (1) reduces to
dF ¼ Vðr11de11 þ r22de22Þ: (2)
III. RESULTS
A. Epitaxial superlattice design for reduced
transformation hysteresis
The proposed epitaxial integration forces the two com-
ponents to share the same in-plane lattice parameter while
the normal direction relaxes to ambient stress and our first
step is to identify two alloy candidates expected to exhibit
the desired synergy when integrated. The thick solid line in
Fig. 3 shows the room temperature free energy of a
Ni0.63Al0.37 random alloy as a function of bi-axial strain
(with ambient stress in the third direction) spanning the aus-
tenite to martensite transition. We see (thick solid line in
Fig. 3) that at 300K, martensite is the equilibrium phase and
austenite is metastable. A barrier of 2.6meV/atom has to
be overcome from austenite to martensite and the reverse
transformation involves a 3.3meV/atom barrier; these val-
ues are comparable to the ones predicted for martensite
transformation in Ti24 and NiTi.25 This free energy land-
scape indicates a significant thermal hysteresis as can be con-
firmed by MD simulations of cooling and heating of the
same Ni0.63Al0.37 sample (dotted magenta line in Fig. 4).
The free energy landscape of the Ni0.63Al0.37 alloy,
Fig. 3, indicates that in order to reduce the hysteresis associ-
ated with the phase transition one would like to epitaxially
integrate it with a material with an energy minimum for in-
plane lattice parameter matching that of the barrier for the
Ni0.63Al0.37. The ordered B2 Ni0.5Al0.5 (thick dashed line in
Fig. 3) exhibits the desired properties and represents a good
candidate for the eSL metamaterial. The thin black lines in
Fig. 3 show estimated energy landscapes for a family of eSL
metamaterials obtained from epitaxially integrating various
amounts of the martensitic Ni0.63Al0.27 and the non-
martensitic Ni0.5Al0.5. These curves are obtained from a
weighted average of the two single-material curves and
assume perfect epitaxial integration with no defects and a
negligible effect of the interface between the two
components. Per our design, the energy barrier between mar-
tensite and austenite decreases with increasing amounts of
Ni0.5Al0.5. An undesired feature of the eSL is also apparent
in the family of energy landscapes in Fig. 3: the strain associ-
ated with the transition is predicted to diminish with the
addition of Ni0.5Al0.5 as the two energy minima approach
one another.
Before using large-scale MD of the proposed eSL struc-
tures to characterize their thermal response and test our hy-
pothesis, we discuss the possibility and limits of coherent
integration of the two materials chosen. The inherent lattice
instability associated with the martensite transformation sig-
nificantly increases the limit of coherent integration from
what could be expected from a linear elastic material;26–28
this was experimentally demonstrated in magnetic shape
memory alloys where coherent films as thick as 50 nm were
grown on substrates with lattice parameters spanning the
entire Bain path.29 In our case, even the non-martensitic B2
Ni0.5Al0.5 alloy exhibits an energy landscape that facilitates
epitaxial integration; the energy-biaxial strain curve exhibits
a sharp decrease in slope for in-plane lattice parameter of
2.97 A˚ so the energetic cost of taking the B2 to the marten-
sitic lattice parameter is significantly lower than for a linear-
elastic material.
FIG. 3. Change in free-energy with in-plane lattice parameter for pure
defect-free random Ni0.63Al0.37 (solid line) and Ni0.5Al0.5 (dashed line)
alloys and the family of eSL metamaterials (dotted lines) with varying frac-
tion of Ni0.63Al0.37 alloy (40%, 60%, and 80%) at 300K.
FIG. 4. Lattice parameters vs. temperature during heating and cooling
curves for pure random Ni0.63Al0.37 alloy and the family of eSL metamateri-
als with varying fraction of Ni0.63Al0.37 alloy (30%, 50%, and 70%) and
whose layer thicknesses are 7 nm, 11.5 nm, and 16 nm, respectively.
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B. MD simulations of proposed epitaxial superlattice
structures
Now we use large-scale MD simulations to test our hy-
pothesis that the eSL materials would exhibit decreased hys-
teresis. We model a single period of the eSL structures
consisting alternating layers of Ni0.63Al0.37 and Ni0.5Al0.5
alloys with interface normal parallel to [001] and with vary-
ing relative amounts of Ni0.63Al0.37 and Ni0.5Al0.5 alloys.
The eSL simulation cell contains 80 80 80 2-atom unit
cells (1.024 million atoms) and periodic boundary conditions
are imposed in all directions, a snapshot is shown as inset in
Fig. 5. The simulation cell lengths depend on the relative
amount of the two phases; in the case of 100% Ni0.5Al0.5 the
cell length is 23.04 nm. The mean lattice parameters as a
function of temperature are shown for the stepwise heating
and cooling simulations in Fig. 4. This transformation occurs
abruptly for pure Ni0.63Al0.37 alloy and it becomes more
gradual or sluggish in the eSL metamaterial with increasing
amount of Ni0.5Al0.5 alloy. More importantly, as expected,
the hysteresis also decreases. Figure 4 also shows how the
austenite and martensite lattice parameters depend on eSL
composition and shows the expected decrease in actuation
strain (difference between the martensite and austenite) with
increasing amount of NiAl. We find that SL metamaterials
with less than 30% Ni0.63Al0.37 alloy fail to transform to mar-
tensite upon cooling to 25K. Since the energy barrier associ-
ated with the transformation is lowered by the epitaxial
addition of Ni0.5Al0.5, we expect the Ms temperature to
increase and Af to decrease with increasing amount of
Ni0.5Al0.5. This can be confirmed from Fig. 4.
Figure 5 quantifies how the transformation hysteresis,
defined as Af- Ms,
7,8 decreases with increasing fraction of
Ni0.5Al0.5 alloy. Thus, our MD simulations confirm that the
transformation temperatures and the transformation hystere-
sis can be successfully tuned by engineering the energy bar-
riers for transformation using eSL structures. Interestingly,
the observed change in Ms temperature is much lower than
the change in Af. This is because the presence of Ni0.5Al0.5
alloy leads to a penalization of the martensite phase, increas-
ing its free energy relative to austenite. Thus, the decrease in
energy barrier for the martensite to austenite transformation
is higher than that for the transformation in the opposite
direction. For example, in eSL metamaterial containing 80%
Ni0.63Al0.37 and 20% Ni0.5Al0.5 the M – A energy barrier is
reduced by approximately 58% whereas the A ! M energy
barrier is reduced only by approximately 46% when com-
pared to 100% Ni0.63Al0.37. These explicit simulations con-
firm the expectation of reduced hysteresis and
transformation strain with increasing Ni0.5Al0.5 content and
provide quantitative information about the performance of
the eSLs.
In addition to thermal hysteresis, Figure 5 shows the
phase transition strain along [001] (defined as the change in
lattice parameter between martensite and austenite upon
complete transformation) as a function of Ni0.63Al0.37 alloy
content in the eSL. For the eSL structures with Ni0.63Al0.37
alloy content less than 50%, for which the observed phase
transformation is gradual, the martensite lattice parameter is
chosen as by linearly extrapolating the observed trend to
zero temperature. The (desired) relative decrease in thermal
hysteresis is more pronounced (by a factor of approximately
three) than the (undesired) relative decrease in actuation
strain showing that epitaxial integration leads to improved
performance. For example, an eSL metamaterial containing
70% Ni-rich alloy is predicted to exhibit only 40% of the
hysteresis of the pure material with a decrease in actuation
of only approximately 18%. These results indicate that such
eSL metamaterials would be attractive for applications
involving actuation with the potential of improved fatigue
resistance.
IV. DISCUSSION
In this initial study of eSL to tune thermo-mechanical
properties, we focus on model nanostructures with perfectly
sharp and coherent interfaces between the two phases as our
primary focus is to understand the physics and performance
limits of these materials. It should also be noted that the
effect of strain is fully accounted for in the simulations since
the laminate period is negligible compared to the in-plane
dimensions of the specimens rendering lateral surface relaxa-
tion negligible. Future simulations or experiments to charac-
terize the role of graded composition across phase interfaces
and misfit dislocations would provide important additional
data regarding the possible performance of such materials. In
addition, the investigation of potential diffusion barriers to
be integrated into the systems to maintain the composition
difference between the two phases may be important for the
practical realization of mechanically active eSL
metamaterials.
We note that all our simulations lead to a single mar-
tensite variant. This is not due to a limitation or unphysical
constraints of our simulations; all-atom simulations can
result in multi-domain structures.19 In the eSL structures, a
single variant is observed since the bi-axial stress imposed

















































FIG. 5. Thermal hysteresis (full symbols) and phase transition strain (open
symbols) for the eSL metamaterials with varying fractions of Ni0.5Al0.5 alloy
with respect to pure Ni0.63Al0.37 alloy (snapshots in the insets show struc-
tures of a pure defect free random Ni0.63Al0.37 alloy and an eSL metamate-
rial containing equal amounts of Ni0.63Al0.37 alloy and Ni0.5Al0.5 alloy; Ni
and Al atoms are indicated by red and green spheres).
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breaks the symmetry and one of the three possible variants
will be preferred. As the laminate thickness increases, we
expect a buildup of the misfit stress and a twinned martensite
structure to form. Lack of surfaces in our current model also
prevents twinning structure.30,31 In our homogeneous simu-
lations the presence of a single variant is likely due to the
small system size.19
V. CONCLUSIONS
In summary, we computationally explored the potential
of epitaxial integration of metamaterials for energy land-
scape engineering of mechanically active materials with the
goal to tune their thermo-mechanical response. We engi-
neered the energy landscape of a shape memory NiAl alloy
to reduce the thermal hysteresis involved in the martensite
phase transformation that governs its response. This is
achieved by nanoscale epitaxial integration with a non-
martensitic alloy that exhibits an energy minimum for the
lattice parameter corresponding to the energy barrier of the
active material. The intrinsic lattice instability of phase
changing materials facilitates their coherent integration over
a large range of lattice parameters. As distinct aspect of this
study with respect to previous work on strain engineering of
thin films via epitaxy is that both components of our meta-
material are active and their combined energy landscape is
engineered. We foresee that energy landscape engineering is
generally applicable to a wide range of active materials in
addition to SMAs including ferroelectrics and multiferroics.
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